Physical Instability of the MPCM suspensions tends to suppress suspensions' heat transportation in heat exchangers and thermal energy storage tanks. The aim of current work is to determine the optimal surfactant and its content, pH-value, and density of the carrier fluid by experimental investigation. In current work, the near infrared transmitting and backscattering fluxes were measured using a universal stability analyzer (TURBISCAN LAb). Such two fluxes characterize the physical stability. It was found, the sodium dodecyl sulfate (SDS) was the better surfactant among the selected surfactants. Experimental data indicates that the optimum SDS mass concentration ratio was 0.2wt.%. The best pH-value was 8 among the selected values. It was also found the MPCM suspension was the most stable at the carrier fluid density of 0.941 g•cm-3. The density difference between the dispersion phase and carrier fluid is the most significant parameter. A near zero density difference, combining the appropriate setup of the other parameters involving surfactant type, its concentration, pH-value, can improve the physical stability of MPCM suspensions significantly, enabling their applications in heat transfer and thermal energy storage. Qiu, Qin, Peng, Zhao, Zhang, Zhengwei Li, Chunying Li and Zheng, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) The static observation (Wang et al. 2015; Tadros et al. 2004; Sanchez-Silva et al. 2011 ), stratified volume (Shannaq et al. 2015 and particle size analysis (Shannaq et al. 2015; Schalbart et al. 2010 ) are mainly applied in evaluating the stability of the suspensions. In order to improve the stability of MPCM suspensions, adding surface active agent (Tadros et al. 2004; Sanchez-Silva et al. 2011; Shannaq et al. 2015) , narrowing density gap between the particles and base fluid were applied (Wang et al. 2015), and Trojer et al(2012) concluded that the pH-value of the suspension played a larger role in the suspension stability. Huang et al (2009) found from their refrigeration system cycle experiments, after 50 cycles the suspension with surfactant was fairly stable, and the thermal properties changed slightly. The influence of the base liquid density on the suspension stability was experimentally investigated by Wang et al(2015) using the static observation, and their suspension achieved 48 hours stability without stratification. But the static observation by naked eyes is a qualitative way for stability assessment, indicating that the evaluation results depend on individual ideas. The effect of combined surfactants on the suspension stability was studied by stratified volume percentage and particle size analysis by Shannaq et al (2015) . In his work, Mastersizer 2000 (Malvern, UK) was applied to measure particle size. It was found that the surfactants mixture was most effective in contrast with single surfactant. However, such multiple surfactants mixing indicates a complicated operation and high cost.
Introduction
A MPCM particle is a composite phase change material with core-shell structure, involving solid-liquid phase change material as core and a stable polymer as shell.. The MPCM particles can be dispersed into the base liquid to form a micro-capsule phase change suspension. The advantages of the MPCM suspension over the single phase fluid are as follows (Royon et al.2008 ): 1) high storage capacity during phase change, 2) possibility to use the same medium for both thermal energy transportation and storage, 3) heat transfer at an nearly constant temperature, 4) high heat transfer rate thanks to the increased surface/volume Ratio, 5) lower pumping power, as a result of the reduction in mass flow because of higher heat capacity and enhanced heat transfer, 6) a better cooling performance than conventional heat transfer fluids, due to the decrease in fluid temperature as a consequence of higher heat capacity, 7) higher thermal energy storage density as a consequence of the latent thermal energy involving in.
At present, the most investigations on the MPCM suspensions focused on the preparation, physical, thermal or rheological properties (Chen et al. 2009; Chen et al. 2011; Jyothi et al. 2010) , heat transfer enhancement (Zhao et al. 2008; Ma et al. 2013; Scott et al. 2013; Hideo et al. 2004; Wang et al. 2008; Chen et al. 2014 ) and applications in heat exchangers or thermal energy storage.. However, the physical stability are essential to suspensions application in heat exchangers and thermal energy storage systems as a heat transport media, because the stratification of the solution will reduce their technical viability Delgado et al. 2013) .
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Materials and preparation 2.1 MPCM particles
The paraffin is a chemically stable phase change material (PCM) that could remain fairly steady thermal performance during a long term use. The micro-encapsulated phase change material (MPCM) used in the experiment is made of paraffin which was encapsulated by the polymer shells (see Fig.1 ). The MPCM-28, provided by the Microtech Laboratories Inc of USA, was selected for the suspensions preparation and subsequent experiment on the suspension physical stability.
The morphology of the MPCM was observed using a Scanning Electron Microscope (SEM) instrument (JEOL JSM-6400, Japan). Figure 2 shows the images of the micro-capsules for different instrument magnification. It is shown that the micro-capsules have smooth and spherical surfaces. The diameters of microcapsules were measured by a particle size analyzer (Malvern Instrument, Malvern Masterzer 2000) . It was found that the MPCM particles size range from 1 to 100 µm, with the mean diameter of 4 µm, as shown in Fig. 3 . Qiu, Qin, Peng, Zhao, Zhang, Zhengwei Li, Chunying Li and Zheng, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) 
Suspensions preparation
Water and the MPCM particles were mixed at the weight ratio of 90:10 to produce MPCM suspension with concentration ratio of 10% in weight. A small amount of additives was added to the slurry to enhance its stability and fine dispersion. The samples of the prepared suspensions are shown in Fig. 4 .
The density of the selected MPCM capsule and its suspension were shown in Table 1 . Twelve Alkyl Sodium Sulfate (SDS) or Polyacrylamide(PAM) was selected as the surfactant to enhance the particles dispersion in the base fluid.. Based on either of such two surfactants, a range of concentration ratio in weight, i.e., 0.1wt.%, 0.2wt.%, 0.4wt.%, 0.6wt.% were applied to examine the effect of the surfactant concentration ratio. Qiu, Qin, Peng, Zhao, Zhang, Zhengwei Li, Chunying Li and Zheng, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) Recommended Density Paraffin(Solid) 849 (Liquid)  806  Polymer  1490  MPCMparticle(Soli  d) 899.9
(Liquid) 854
Suspension pH-value of 6, 7, 8 and 9 were obtained by adding citric acid and triethanolamine. Actually such two additives are traditional pH-value regulators.
The density difference between the particles and carrier fluid is one of the dominant parameters influencing the physical stability. The smaller the density difference is, the more stable the suspension is. The carrier fluid density of 0.971, 0.941, and 0.929 g•cm-3 were obtained by mixing the isopropyl alcohol with water.
Fourteen suspension samples were fabricated and measured based on different type of surfactants, their mass concentration ratio, pH-value, and density difference between the carrier fluid and solid particles, as detailed in Table 2 . For each suspension sample, it was firstly stirred at 600r•min-1 for 3 hours by magnetic stirrer (S10-3, Shanghai Sile Instrument Co., Ltd.), and then followed by ultrasonic dispersion applying an ultrasonic vibration instrument (KQ-300VDE,Kunshan Ultrasonic Instrument Co., Ltd. ) at a frequency of 45 kHz for 10 minute. Such stirring and dispersion procedure enables the particles to disperse better inside the carrier fluid and have a longer stable duration. Figure 4 shows some fabricated suspension samples images ready for measurement. 
Instrument and scanning interval 3.1 Instrument
The physical stability of the prepared suspensions was analyzed by a universal stability analyzer(TURBISCAN LAb, see Fig. 5 ), which works based on the multiple scattering principle. The infrared pulse with strong penetrability, coming from build-in light source, penetrates the suspension samples. After the samples the light can be detected by the sensor and then output as the transmission flux and the back scattering（BS） flux which directly depend on the dispersed phase concentration (volume fraction) at the selected place and mean diameter of the involved particles (or droplets / the bubbles) (Buron et al. 2004) . In terms of the Lambert-Beer theory, the relationship between the transmitted flux and the photon mean free path can be written as (Buron et al. 2004 ). 
（2）
Equation (2) indicates that BS is proportional to the square root of the sample size, and inversely proportional to Qiu, Qin, Peng, Zhao, Zhang, Zhengwei Li, Chunying Li and Zheng, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) the square root of the sample size. Thus, the particles volume concentration ratio at a certain place of the transparent container and particles size inside the suspensions can be calculated in terms of the measured transmitted flux and BS flux obtained by repeated scanning, as a result, suspension stability can be evaluated.
Scanning interval set-up
The freshly well prepared suspension is loaded into a glass cell for scanning by use of universal stability analyzer(TURBISCAN LAb), A well designed scanning interval can give rise to reliable testing result, which is detailed in Table 3 . At the initial stages, the scanning interval is design to be short in view of the quick movement of particles, and be longer in the later period, thereby a whole test duration is 103 minutes.
Phase Scanning interval(min)
Scanning times Table 3Scanning interval set-up. Qiu, Qin, Peng, Zhao, Zhang, Zhengwei Li, Chunying Li and Zheng, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) Figure 8 shows a typical testing result of the transmission and back scattering fluxes. The horizontal and vertical coordinates represent the height of the glass cell(see Figs. 6 and 7) and fluxes respectively. Each curve in its own color indicates the measured results at a time. The smaller the gaps between the curves are, the more stable the suspensions are. Due to the opacity of the involved samples, the transmission flux has a peak value only at the bottom of the transparent glass cell make of glass, corresponding the most left of the horizontal coordinate, and they are all zero at any other heights, as indicated in Fig. 8 . Thus, the transmission flux can be applied to determine the thickness of the glass bottom of the glass cell.
Results and discussion
Figure8 indicates the BS flux detected from the upper part(right part along the horizontal coordinate) of the glass cell is much higher than that of the lower part, it is because the sample suspension appears creaming, which is caused by the MPCM capsules moving upward due to their lower gravity, forming a concentrated layer at the upper part of the sample.
Selecting a cross-section along the glass cell height as a place where to detect the BS flux, TURBISCAN LAb's software EXPERT TLAb can output the instant value of mean BS flux on the selected cross-section during the predefined time, thus the instant mean particle size there can be obtained by Eq. (2). Hence we can analyze the stability of the sample suspension and the aggregation of the particles.
Effect of surfactants mass concentration ratio
Test 1(see Table 2 ) was carried out to investigate the impact of surfactant (SDS) mass concentration ratio onto the physical stability. The testing results are shown in Fig. 9 (a) -(e).
Figure9 (a) -(e) show that increase in the height of the glass cell（from 0mm to 45mm ） led to increase in the BS flux, because the particles rose to the upper part of the suspension. The BS flux on the level of 20mm ranged around 65% when the SDS mass concentration ratio was 0.2wt.%, higher than the other sample suspensions, besides, the curves at a series of time were denser than the other samples( Fig.9(c) ), indicating SDS addition of 0.2wt.% enabled the most stable MPCM suspension among prepared samples. When the surfactant mass concentration ratio was 0.6wt.% , the BS flux in the bottom part of 1.5mm to 2.16 mm increased significantly (Fig.9(e) ), this may be because too much SDS was added, leading to the formation of micelles micelle and sediment at the bottom of glass cell, as a result, the back scattering flux increased. In order to evaluate the effect of surfactants concentrations on the stability of the MPCM suspensions more dedicately, the mean BS flux and average particle size on the glass cells' lower part(from 1.5mm to 21.5mm) were output for detailed discussion. The results are shown in Fig. 10 (a) and (b) .
Figure 10(a) shows the variation of the mean BS flux and average particle size over the selected part against the time. It is seen from the Fig. 10 (a) , the mean BS flux presented a downward trend when the time was going on. The surfactant mass concentration ratio of 0.2wt.% achieved a highest BS flux among the selected surfactant adding amounts, hence enabling the most stable suspension.
The variation of the average particle size over the selected part against the time is shown in Fig. 10(b) . Fig. 10(b Vol.13, No.2 (2018) on. The mass concentration ratio of 0.2wt.% achieved the smallest particles size, and the mass concentration ratio of 0.4wt.% enabled the similar size. In order to figure out the effect of surfactants concentrations on the viscosity of the MPCM suspensions, the rheological property was experimentally investigated by use of Anton Paar Rheometry(MCR102). The results are shown in Fig. 11 (a) and (b) .
Figure 11(a) shows the variation of the shear stress against the selected shear rate, and Figure 11(b) shows the variation of the viscosity as a function of weight concentration of SDS. It is seen from the Fig. 11 (b) , the viscosity presented a slight downward trend when the weight concentration increased in the range of 0 to 0.6%. 
4.2Effect of surfactants type
PAM (polyacrylamide), a typical non-ionic surfactant, was selected to carry out test 2 (Table 2 ) and compare the effectiveness in improving stability with SDS. The testing results are shown in Fig. 12 .
It can be seen from Figs 10 and 12 that the BS fluxes achieved by SDS (Fig. 10 ) addition are greatly bigger than those achieved by PAM (Fig. 12) under the same mass concentration ratio in range of 0.2wt.% to 0.6wt.%, meanwhile the particles size achieved by SDS (Fig. 10 ) addition are significantly smaller than that achieved by PAM (Fig. 12 ) due to PAM's effect on the agglomeration enhancement, indicating the SDS is more effective in improving the physical stability of MPCM suspensions in comparison with PAM.
In order to reveal the effect of PAM concentrations on the viscosity of the MPCM suspensions, the rheological property was also tested using Anton Paar Rheometry(MCR102). The results are shown in Fig. 13 (a) and (b) . 
Effect of the pH-value
Test 3 (see Table 2 ) was conducted to observe the impact of the selected pH-value(from 6 to 9) onto the physical stability. The testing results are shown in Fig. 14 (a) -(d) . Figure 14 shows the BS flux on the level of 20mm was around 45%, 50%, 60%, 47% when the pH-value was at 6, 7, 8, and 9 respectively, indicating the pH-value of 8 achieved the most stable MPCM suspension among prepared samples.
Same as Figs 10 and 12, the mean BS flux and average particle size ( ) 0
on the cells' lower part(from 1.5mm to 21.5mm) wereoutput. The results are detailed in Fig.15 .
In order to evaluate the impact of pH-value regulators on the viscosity of the MPCM suspensions, the rheological property was tested at 20 ℃. The results are shown in Fig. 16 (a) and (b) .
Figure 16(a) shows the variation of the shear stress against the selected shear rate, and Figure 11 (b) shows the variation of the viscosity as a function of pH-value. It is seen from the Fig. 16 (b) , the viscosity nearly kept constant when the pH-value varied in the range of 6 to 9 by adding citric acid or triethanolamine, indicating the selected pH-value regulators basically don't influence the viscosity of MPCM suspensions. It is seen from Fig. 13 that pH-value of 8 led to the highest BS flux and smallest particles, indicating pH-value of 8 is favorite among the selected pH-values in keeping the suspensions stable. This is because, for alkaline(i.e. PH>7) suspensions, the concentration of OH-inside was relatively higher, hence the more particles were electrically charged, leading to the increase in the repulsive force, meanwhile the rise of particles became slowdown due to the weakness in the buoyancy effect, as a consequence the physical stability was enhanced. However, when pH-value was 6 or 9, BS flux was lower than that of PH=7, meanwhile the particles size is bigger than that of PH=8. This is because the electricity charge on the surface of the particles was influenced by the unfavorable pH-values, and the stresses applied on the particles were affected. As a result, the solution couldn't reach the best stable condition.
Effect of density difference
Test 4(see Table 2 ) was conducted to evaluate the impact of density difference between carrier fluid and dispersion phase onto the physical stability. The testing results are shown in Fig. 14 . Qiu, Qin, Peng, Zhao, Zhang, Zhengwei Li, Chunying Li and Zheng, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) When the carrier fluid density was higher than particles (Figs. 14 (a)), the BS flux presented an upward tendency along the height of the glass cell (from 0mm to 45mm), meanwhile, there is a peak zone of the transmission flux over the lower part of the glass cell, indicating the particles creaming. This is because the particles rose to the upper part of the suspension owing to the particles' larger density in comparison to the carrier fluid. In contrast, when the carrier fluid density was lower than particles (Figs. 14 (b) ), the BS flux remained drop along the height of the glass cell (from 0mm to 45mm), meanwhile, there is a peak zone of the transmission flux over the upper part of the glass cell, indicating the particles sendimentation. This is because the particles dropped to the lower part of the glass cell owing to the particles' less dense than the carrier fluid. Finally, when the carrier fluid density was nearly same as particles (Figs.  14 (c) ), the BS flux remained constant (from 0mm to 45mm), meanwhile the transmission flux remained to be zero, indicating the particles sendimentation. This is because the particles dropped to the lower part of the glass cell owing to the particles' less dense than the carrier fluid.
Conclusion
The experimental investigation was carried out to evaluate the impact of the surfactants type, surfactants concentration, pH-value, and density differences between carrier fluid and dispersion phase onto the physical stability of the MPCM suspensions. MPCM suspensions rheological property has been experimentally investigated to evaluate the effect of adding SDS, PAM, citric acid or triethanolamine on the suspensions viscosity.
It was found, the sodium dodecyl sulfate (SDS), which represents the ionic surfactants, was the better surfactant than nonionic surfactant PAM.
A proper SDS addition can help particle surface modification, hence enabling to improve the suspension physical stability; however, too more SDS addition tends to form micelles, thereby accelerates the separation, and then the stability was destroyed. Experimental results indicate that the optimum SDS mass concentration ratio is 0.2wt.% among the selected surfactants mass concentration ratios(0, 0.2wt.%, 0.4wt.%, 0.6wt.%).
If pH-value of the suspension was less than 7, no obvious dispersion enhancement was observed. If pH-value was higher than 8, the suspension was rich in OH-, and it compressed double electric layers thickness, thus reduced particle dispersion, so the stability depression was observed. Thereby, the best pH-value was 8 among the selected values (6, 7, 8, 9) .
It was also found the MPCM suspension was the most stable at the carrier fluid density of 0.941 g•cm-3, which is similar to the density of dispersion phase.
The suspensions viscosity presented a slight downward trend when the weight concentration increased in the range of 0 to 0.6%. Inversely, increase of weight concentration of PAM led to a very great growth in viscosity, the viscosity at weight concentration of 0 is a round 15 times of that at weight concentration of 0.6%. However the suspensions viscosity nearly kept constant when the pH-value varied in the range of 6 to 9 by adding the selected pH-value regulators( citric acid or triethanolamine), indicating the selected pH-value regulators basically don't influence the viscosity of MPCM suspensions.
The density difference between the dispersion phase and carrier fluid is the most significant parameter among the involved parameters of current work. A near zero density difference, combining the appropriate setup of the other parameters involving surfactant type, its concentration, pH-value, can improve the physical stability of MPCM suspensions significantly, enabling their applications in heat transfer and thermal energy storage.
